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ABSTRACT
Given current uncertainties in the cratering rates and geological histories of icy
objects in the outer solar system, it is worth considering how the ages of icy surfaces
could be constrained with measurements from future landed missions. A promising
approach would be to determine cosmic-ray exposure ages of surface deposits by
measuring the amounts of cosmogenic Lithium, Beryllium and Boron at various
depths within a few meters of the surface. Preliminary calculations show that
ice that has been exposed to cosmic radiation for one billion years should contain
these cosmogenic nuclei at concentrations of a few parts per trillion, so any future
experiment that might attempt to perform this sort of measurement will need to
meet stringent sensitivity requirements.
The icy worlds of the outer solar system ex-
hibit a complex array of geological structures
that reflect diverse geological histories, but
there is still a great deal of uncertainty re-
garding when various surface features formed.
Absolute ages of geological formations on
icy bodies have traditionally been estimated
based on the observed crater densities for
particular surface units. Different models of
the impactor flux yield different age estimates,
but in general these calculations indicate
that the most heavily cratered icy surfaces
are comparable in age to the Solar System
(Zahnle et al. 2003; Kirchoff and Schenk 2010;
Di Sisto and Zanardi 2016; Kirchoff et al.
2018). However, recent studies of the dy-
namical history of Saturn’s satellites suggest
that many of that planet’s heavily-cratered
mid-sized moons may be substantially less
than a billion years old (C´uk et al. 2016;
Asphaug and Reufer 2013). At the moment, it
is not clear how to reconcile these dynamical
arguments with the moons’ cratering records,
which highlights how little direct information
we have about the ages of solid surfaces in the
outer solar system.
Even if future analyses of the currently-
available data are able to settle the debates
regarding the ages of heavily cratered worlds,
there are several objects in the outer so-
lar system that have complex geological his-
tories extending up to the present day, in-
cluding Europa, Enceladus, Titan, Triton and
Pluto (Pappalardo et al. 2009; Spencer et al.
2009; Schenk et al. 2018; Brown et al. 2010;
Schenk and Zahnle 2007; Stern et al. 2015).
For these objects, a key unanswered question is
how long they have been active and how long
fresh material can be exposed on their surfaces
before it is buried or recycled. This question is
not only relevant for efforts to understand the
geological history of these bodies, it also deter-
mines how long ago materials on the surface
were in contact with liquid water reservoirs,
which has implications for efforts to assess their
habitability. It is therefore worth considering
what types of future experiments could help
constrain the age of icy surfaces.
The most direct way to measure the absolute
age of any solid material is with in-situ mea-
surements of unstable isotopes and/or their
daughter products. These sorts of radiometric
dates have been obtained from laboratory mea-
surements of both meteorites and lunar sam-
ples, and have yielded many important insights
into the formation and history of solid bodies
in the inner Solar System (Davis et al. 2003;
Sto¨ffler and Ryder 2001). Furthermore, the
2Mars Science Laboratory recently measured
the first radiometric age on another planet,
demonstrating that such measurements can
be performed by space missions (Farley et al.
2014). There has also been a great deal of re-
cent interest in a mission that would land on
Europa and conduct extremely sensitive mea-
surements of surface composition in order to
ascertain whether life could exist beneath that
world’s surface (Hand et al. 2017). Hence it is
worth examining whether a lander on an icy
world could perform experiments that would
yield information about the age of its surface
deposits.
The fact that the surfaces of icy bodies are
composed primarily of water ice makes many
of the commonly-used radiometric dating sys-
tems problematic. Even allowing for the pos-
sibility that the water ice on various worlds
could have substantial amounts of methane,
ammonia, and various organic compounds, the
elemental composition of their surfaces would
still be dominated by the light elements Hy-
drogen, Carbon, Nitrogen and Oxygen. The
longest-lived unstable isotope of these elements
is 14C, which has a half-life of about 5700 years
(http://www.nndc.bnl.gov/nudat2). While
this isotope has been extensively used to date
events from the Quaternary period here on
Earth (http://intchron.org), and has even
been proposed as a way to probe carbon trans-
port processes on Titan (Lorenz et al. 2002),
its half life is far too short to probe the
geological history of surfaces that are mil-
lions or billions of years old. Indeed, most
commonly-used techniques for radiometrically
dating rocks involve nuclei with half lives of or-
der 1 billion years, such as 40K, 87Rb and vari-
ous isotopes of Uranium. While elements with
such long-lived unstable isotopes like Potas-
sium could be present near the surfaces of some
icy worlds, a dating technique that relies on
such contaminants would require more detailed
information about the surface composition of
these bodies than we currently have.
In the absence of long-lived isotopes, the
most promising way to date ancient icy sur-
faces is with cosmic-ray exposure ages. The
basic idea behind these dates is that any ex-
posed surface is constantly being bombarded
with high-energy cosmic rays that cause nu-
clear reactions within the material. The con-
centration of the resulting cosmogenic nuclei
near the surface therefore increases over time
and can provide information about the age of
the surface deposit. Such cosmic-ray exposure
ages have been used to date various surface de-
posits on both the Earth and the Moon, and
to determine when meteorites broke free from
their parent asteroids (Eugster 2003; Dunai
2010; Herzog and Caffee 2014).
Of course, cosmic-ray exposure ages do de-
pend on the assumed flux of cosmic rays, which
can vary over time. Indeed, records of cos-
mogenic nuclei like 14C and 10Be in terres-
trial ice cores show that the cosmic ray flux
here on Earth has varied by roughly a fac-
tor of two on timescales of hundreds to thou-
sands of years (Steinhilber et al. 2012). Fortu-
nately, these variations appear to average out
over the longer timescales relevant for dating
astronomical bodies. For example, analyses of
the cosmic-ray exposure ages from stony mete-
orites (which range between 1 and 100 million
years) indicate that the average cosmic ray flux
has varied by less than about 10% over the past
10 million years (Wieler et al. 2013). Exposure
ages of iron meteorites extend back 1-2 billion
years and can potentially constrain the cosmic
ray flux on even longer timescales. However,
the interpretation of these data is still uncer-
tain, with some recent analyses suggesting the
flux has varied by less than 50%, while oth-
ers argue for factor of 3 flux variations over
timescales of 500 million years (Ammon et al.
2009; Wieler et al. 2013; Alexeev 2016, 2017).
Such long-term flux variations would certainly
need to be better constrained before cosmic-ray
exposure ages could provide accurate geologi-
cal histories for icy moons. However, even if
the long-term variations were as large as a fac-
tor of 3 over 500 million years, cosmic-ray ex-
posure ages could still be used to determine if
the heavily-cratered icy surfaces in the Saturn
system are comparable to the age of the solar
system or just a few hundred million years old.
Nuclear reactions induced by high-energy
cosmic rays usually generate nuclei with atomic
numbers comparable to or less than that of the
original nuclei. This again means that only el-
ements with low atomic numbers are likely to
be available. Among these, isotopes of Hydro-
gen, Carbon, Nitrogen and Oxygen are prob-
ably not viable because these elements should
3Table 1. Number concentration of Lithium,
Beryllium and Boron in various materials
Material Lithium Beryllium Boron
CI Chondritesa 1.5× 10−6 2.5× 10−8 7× 10−7
Bulk Continental Crustb 1.6× 10−5 1.9× 10−6 1.1 × 10−5
Mean Ocean Waterc 5× 10−7 4× 10−13 7.5 × 10−6
a Palme and Jones (2003)
b Rudnick and Gao (2003)
c
http://www3.mbari.org/chemsensor/summary.html
be common native constituents of the ice, and
so distinguishing any cosmogenic material will
be extremely challenging. On the other hand,
any Helium generated by cosmic rays should
diffuse through ice on geological timescales, so
this material will probably escape the surface.
This leaves Lithium, Beryllium and Boron as
the most promising elements for cosmic-ray ex-
posure dating of icy surfaces. These elements
are all found at very low concentrations in
chondrites, Earth’s crust and ocean water (see
Table 1), and they are all chemically reactive
species that can be retained in-situ for geo-
logical timescales (Indeed, cosmogenic Beryl-
lium in terrestrial ice cores have been used
to trace variations in the cosmic ray flux into
Earth’s atmosphere over the past 10,000 years,
e.g Steinhilber et al. 2012).
In order to be able to use cosmogenic
Lithium, Beryllium and Boron atoms to con-
strain the ages of surface deposits on icy bod-
ies, two criteria must be met. First, there must
be a way to distinguish atoms produced by cos-
mic rays from atoms incorporated into the ice
by other means. Second, the relevant instru-
mentation must be sensitive enough to detect
the likely concentrations of cosmogenic atoms.
As shown below, the first requirement can be
achieved by sampling the relevant deposit at
several depths within a few meters from the
surface, while the latter requirement means
that the instrument needs to be able to detect
Lithium, Beryllium and/or Boron in water at
levels of a few parts per trillion.
Cosmogenic atoms can be identified by mea-
suring concentrations at various depths be-
cause the relevant cosmic rays can only pen-
etrate a finite distance through the medium.
For example, consider a surface deposit on an
icy world that initially has a uniform composi-
tion and that does not experience any erosion
or overturn. In this situation the concentration
of any stable nuclei as a function of time t and
depth z should be given by the formula (Dunai
2010):
C(t, z) = Ci + P0te
−zρ/Λ (1)
where Ci is the initial concentration of rele-
vant atoms, P0 is the production rate of those
atoms by cosmic rays at the surface, ρ is the
mass density of the surface deposit, and Λ is
the effective average “attenuation length” of
the relevant cosmic rays through that mate-
rial (note this parameter is actually a column
density with units of g/cm2). In this simple
situation one can determine the age-dependent
cosmogenic concentration factor P0t by mea-
suring the concentration over a range of depths
comparable to the scale length L = Λ/ρ. For a
wide variety of materials (including air, ice and
rock), the cosmic rays that produce light iso-
topes like 10Be and 14C have a Λ ∼ 150 g/cm2
(Brown et al. 1992; Dunai 2000; Farber et al.
2008; Nesterenok and Naidenov 2012), and the
density of any sensible surface deposit on an
icy body will be between 0.5 and 1 g/cm3.
The typical scale length for variations in the
amounts of cosmogenic atoms should therefore
be between 1 and 3 meters.
Of course, real surface deposits on icy worlds
will not be completely pristine, and will have
instead experienced some amount of regolith
overturn due to meteoroid bombardment. This
overturn mixes the upper layers of the deposit
and so would cause the concentration of cos-
mogenic nuclei to deviate from the simple form
given by Equation 1.1 Fortunately, studies of
the lunar regolith show that the overturn depth
is less than half a meter even for deposits that
are nearly 4.5 billion years old (Morris 1978;
Blanford 1980; Costello et al. 2018). Hence it
is reasonable to expect that regolith overturn
on icy worlds will not penetrate so deeply that
it will completely erase the vertical trend for
cosmogenic atoms. In fact, with sufficiently
complete vertical sampling between the surface
and a few meters depth it should be possible to
ascertain not only the concentration of cosmo-
1 This mixing will also carry any ions implanted onto
the surface by the solar wind downwards. Note that
these atoms only penetrate materials to depths of or-
der a micron (Ziegler et al. 2010), and so solar wind
implantation should not corrupt the cosmic-ray expo-
sure age much below the regolith overturn depth.
4genic atoms but also how deeply the regolith is
being overturned.
To obtain a useful age from Lithium, Beryl-
lium or Boron concentrations, one needs a rea-
sonable estimate of the production rate P0,
and the instrument conducting this experi-
ment needs sufficient sensitivity to measure
concentrations of order P0t. The production
rates for cosmogenic nuclei in different mate-
rials have been measured under various condi-
tions on Earth. For the purposes of this re-
port, the most relevant data come from ex-
periments where water tanks were exposed to
cosmic rays at high altitudes for a couple of
years, after which the amounts of cosmogenic
Beryllium isotopes in the tanks were measured
to ascertain the appropriate production rates.
These experiments indicate that 10Be is gener-
ated in water-rich targets at high-altitudes at a
rate of around 80 atoms per gram of water per
year, and 7Be atoms are produced at about half
this rate (Nishiizumi et al. 1996; Brown et al.
2000). Note that these specific Beryllium iso-
topes are unstable and have lifetimes that are
much shorter than the likely surface ages of
most icy worlds. Specifically, 10Be transforms
into 10B with a half-life of around 1.39×106
years, and 7Be decays into 7Li with a half-life of
about 53 days. These Beryllium isotopes there-
fore cannot be used directly to date ancient sur-
faces. Fortunately, the isotopes of Boron and
Lithium generated by the decay of these nuclei
are stable and so will accumulate in the ice at a
rate comparable to the production rate of the
Beryllium isotopes over geological timescales.
Of course, the actual production rate of cos-
mogenic nuclei on the surface of icy bodies in
the outer Solar System will not be exactly the
same as the production rate in water here on
Earth because the cosmic rays responsible for
producing these nuclei are partially absorbed
by Earth’s atmosphere and could be partially
deflected by the powerful magnetic fields sur-
rounding the giant planets. Furthermore, the
actual production rates for stable nuclei would
need to include contributions from all possible
pathways (i.e. direct formation as well as from
decaying unstable isotopes). These factors will
therefore need to be evaluated before any pre-
cise age estimate could be obtained using this
method, but such detailed calculations are be-
yond the scope of this preliminary work. For-
tunately, the relevant production rates proba-
bly do not vary by many orders of magnitude
across the Solar System. The cosmic rays that
can most efficiently produce nuclear reactions
are the ones with the highest energy. These
particles are the most difficult to deflect or ab-
sorb, making their flux less dependent on the
specific environment. Hence, for the purposes
of obtaining a rough order-of-magnitude esti-
mate of the concentrations of Lithium, Beryl-
lium and Boron near the surfaces of icy worlds
we can assume the production rate of each of
these elements in ice is comparable to the pro-
duction rate of unstable Beryllium isotopes in
water tanks on Earth.
Assuming that P0 is of order 100 atoms per
gram of ice per year and an exposure age of
1 Gyr, the cosmogenic concentration param-
eter near the surfaces of icy worlds becomes
1011 atoms (or roughly 0.2 pmol) per gram of
ice, which corresponds to a number concentra-
tion of 3 parts per trillion, or 200 pmol/kg.
An instrument capable of measuring Lithium,
Beryllium or Boron concentrations at parts-
per-trillion levels should therefore be able to
distinguish surfaces formed during the early
solar system from deposits formed in the last
couple hundred million years. Such low con-
centrations have not yet been measured in any
spacecraft-based experiment, and indeed the
high sensitivity required for this measurement
will probably be the single most challenging as-
pect of this experiment.
First of all, securely identifying cosmogenic
Lithium, Beryllium and Boron based on their
decreasing concentration with depth will be
difficult if there is a much higher concen-
tration of native nuclei near the surfaces of
icy bodies (i.e. if Ci >> P0t). The av-
erage concentrations of Lithium, Beryllium
and Boron in Earth’s Crust or CI chondrites
range from parts per million to parts per
billion (see Table 1), which is likely large
enough to make identifying cosmogenic nu-
clei challenging. However, the concentra-
tion of stable Beryllium in Earth’s oceans
is below one part per trillion, or around
30 pmol/kg (Measures et al. 1996; Frank et al.
2009; Tazoe et al. 2014), which is actually less
than the expected concentration of cosmogenic
Beryllium near a billion-year-old icy surface.
At the moment, it is not clear how native
5Lithium, Beryllium and Boron would be parti-
tioned within an icy moon, and so additional
work is needed to ascertain whether surface ices
in the outer solar system are likely to have suf-
ficiently low native concentrations of these el-
ements. Nevertheless, Earth’s ocean water at
least demonstrates that such situations are not
an unreasonable possibility.
Assuming that the native amounts of
Lithium, Beryllium and/or Boron are low
enough to allow concentrations of cosmogenic
nuclei to be identified, the question then
becomes whether any landed experiment could
achieve high enough sensitivities to reliably
measure parts-per-trillion concentrations of
these atoms. A detailed assessment of po-
tential methods that could be employed for
this experiment is beyond the scope of this
report. However, we can note that this dating
method only requires measuring concentra-
tions of chemically distinctive elements like
Boron, Beryllium or Lithium (i.e. isotopic
analysis is not required). This means that
appropriate chemical separation and concen-
tration techniques could be used to obtain
the required sensitivity levels. Furthermore,
the expected concentrations of cosmogenic
nuclei in billion-year-old ice are comparable
to the observed concentrations of stable
Beryllium in ocean water (Measures et al.
1996; Frank et al. 2009; Tazoe et al. 2014).
Methods used to survey the Beryllium in
Earth’s oceans should therefore provide a
useful basis for developing the requisite tech-
niques for this sort of experiment. These
terrestrial studies have employed a variety of
measurement techniques, including electron-
capture detection gas-chromatography
(Measures and Edmond 1986), mass spec-
trometry after pre-concentration in a silica-gel
(Tazoe et al. 2014) and even using microcan-
tilevers coated with hydrogels (Peng et al.
2012). While it is not clear whether any of
these methods can be practically adapted to
work on a spacecraft mission to the outer solar
system, the sensitivities considered here are
also not that far beyond some of requirements
proposed for a Europa lander. For example,
Hand et al. (2017) state that a Europa lander
should be able to measure “molecules of
potential biological origin (biomolecules or
metabolic products) at compound concentra-
tions as low as 1 picomole in a 1 gram sample
of Europan surface material”. While the
specific chemical techniques needed to isolate
organic molecules are very different from those
needed to detect cosmogenic nuclei, this at
least suggests that such precise measurements
could be within the realm of possibility for
near-future spacecraft.
In conclusion, while there are some signif-
icant challenges to measuring concentrations
of cosmogenic Lithium, Beryllium and Boron,
this currently appears to be the most promising
way to constrain the age of surface deposits on
icy worlds. Of course, further work is needed in
order to identify experimental techniques that
could achieve the desired sensitivities, evaluate
the likely amounts of native atoms in relevant
deposits, and determine the relevant produc-
tion rates. Such studies could provide impor-
tant steps towards understanding the ancient
geological history of the outer Solar System.
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